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We investigate the sequence of great earthquakes over the past century. To examine whether
the earthquake record includes temporal clustering, we identify aftershocks and remove those from
the record. We focus on the recurrence time, defined as the time between two consecutive earth-
quakes. We study the variance in the recurrence time and the maximal recurrence time. Using
these quantities, we compare the earthquake record with sequences of random events, generated
by numerical simulations, while systematically varying the minimal earthquake magnitude Mmin.
Our analysis shows that the earthquake record is consistent with a random process for magnitude
thresholds 7.0 ≤Mmin ≤ 8.3, where the number of events is larger. Interestingly, the earthquake
record deviates from a random process at magnitude threshold 8.4 ≤Mmin ≤ 8.5, where the number
of events is smaller; however, this deviation is not strong enough to conclude that great earthquakes
are clustered. Overall, the findings are robust both qualitatively and quantitatively as statistics of
extreme values and moment analysis yield remarkably similar results.
I. INTRODUCTION
Remote triggering of large earthquakes, where one
large earthquake causes another large earthquake at a
global distance comparable to the size of the earth, is
the subject of ongoing debate in geophysics. It is well
known that earthquakes do cause aftershocks on local
scales, at distances comparable to the size of the fault.
In the last 20 years, it has been shown that seismic waves
can dynamically trigger earthquakes at large distances
[1–3], and more recently, that a large earthquake can
trigger other large earthquakes at global distances [4].
However, other recent studies suggest that dynamic trig-
gering of large earthquakes is not widespread [5, 6]. Thus,
dynamic triggering of large events at global distances re-
mains an open question, one with potentially significant
implications for hazard analysis and earthquake physics.
Remote triggering necessarily implies that large earth-
quakes are correlated in time, that is, earthquakes are not
equivalent to a random process. The increase in earth-
quake activity over the past decade including three of
the six largest events on record over the past century
[7, 8] raises the question whether great earthquake are
clustered (Fig. 1).
Recent studies have utilized a variety of statistical
methods to examine whether the sequence of large earth-
quakes is consistent with a random process. The ap-
proaches used to analyze the earthquake record include
for example, statistics of the number of events in a fixed
time interval, and statistics of the time between events.
However, the small number of powerful events consti-
tutes a serious challenge for such investigations [9, 10].
To date, some studies reported deviations from random
event statistics [11, 12], while several others report that
the earthquake record is consistent with random statis-
tics [13–16].
In this study, we focus on the recurrence time between
successive earthquake events, a quantity that allows us to
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
year
8.5
9
9.5
10
M
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
year
8
8.5
9
9.5
10
M
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
year
7.5
8
8.5
9
9.5
10
M
FIG. 1: The sequence of large earthquakes during the years
1900−2012. Three thresholds are used: Mmin = 7.5 (bottom),
Mmin = 8.0 (middle), and Mmin = 8.5 (top).
probe the most powerful events on record. Our statistical
analysis quantifies typical properties as well as extremal
properties of the recurrence time. Using numerical simu-
lations, we generate a large number of random sequences,
thereby allowing probabilistic comparison between the
earthquake record and a random process.
II. EARTHQUAKE RECORD
We analyze the earthquake event times in the USGS
PAGER (Prompt Assessment of Global Earthquake Re-
sponse) catalog [17], supplemented by the Global CMT
(Centroid Moment Tensor) catalog [18]. These two cat-
alogs comprise a global record from 1900 through De-
cember 31, 2012, containing 1770 events with magnitude
2Mmin All events Aftershocks removed
7.0 1770 1255
7.5 447 371
8.0 84 74
8.5 19 17
9.0 5 5
9.5 1 1
TABLE I: The number of large events on record during the
years 1900 − 2012. Listed are the total number of events
(with and without aftershocks) versus the minimum magni-
tude Mmin.
M ≥ 7 (Table I).
The catalog contains aftershocks, which must be iden-
tified to address whether earthquake occurrence is ran-
dom over global distances. Removal of aftershocks is not
a trivial procedure, as it requires assumptions that can-
not be tested due to limited data [19]. We identify af-
tershocks using a window method [20]: any event close
enough to another larger event in both space and time is
considered an aftershock, and is removed from the cata-
log. We examine a variety of choices for the distance and
time windows and verify that our conclusions are robust
with respect to the aftershock removal procedure. In the
following, we use the time window in the original Gardner
and Knopoff study, and our choice for the distance win-
dow is a purposely conservative estimate of the rupture
length for a given magnitude (i.e. overestimated spatial
extent of aftershocks), based on an empirical law [21].
We note that our analysis classifies two of the M = 8.5
events as aftershocks: theM = 8.6 2005 Nias earthquake,
and the M = 8.5 2007 Sumatra earthquake, both after-
shocks of the 2004 M = 9.0 Sumatra-Andaman earth-
quake. Without aftershocks, the catalog contains 1255
events (Table 1). For completeness, we include in our
investigation both the raw earthquake catalog as well as
the catalog with aftershocks removed.
III. RECURRENCE STATISTICS
The basic quantity in our analysis is the recurrence
time, defined as the time between two successive events.
Recurrence times are commonly used to characterize seis-
mic activity. For a random process, where events occur
at a constant rate and there are no correlations between
different events, the cumulative distribution P (t) of re-
currence intervals that are larger than t is purely expo-
nential,
P (t) = exp (−t/〈t〉) . (1)
Here, 〈t〉 is the average recurrence time.
For reference, the distribution (1) with the average 〈t〉
calculated from the empirical data is also shown in fig-
ure 2. The empirical distribution is in good agreement
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FIG. 2: The cumulative distribution of recurrence time ver-
sus time (in months). Data for all events is shown in circles
and data for the earthquake catalog without aftershocks is
shown in squares. The line displays an exponential distribu-
tion, where the average recurrence time matches the empirical
value.
with the exponential distribution for magnitude thresh-
olds Mmin = 7.0, Mmin = 7.5, and Mmin = 8.0. In two
cases (Mmin = 7.0 and Mmin = 8.0) the tail of the distri-
bution becomes closer to an exponential once aftershocks
are removed. This preliminary analysis indicates that the
sequence of large earthquake events does not show signif-
icant deviations from random event statistics.
As the magnitude threshold increases, the number of
events becomes smaller and the distribution of recurrence
times can be probed only over a smaller range. Conse-
quently, the tail of the distribution, which quantifies the
likelihood of large gaps between events, becomes difficult
to measure. To address this issue and to systematically
probe high magnitudes, we analyze a standard measure
for fluctuations, the normalized variance
V =
〈t2〉 − 〈t〉2
〈t〉2
. (2)
Here the bracket denotes an average over all recurrence
intervals in the sequence. The variance involves the low-
est (nontrivial) integer moment of the distribution, yet,
as discussed below, we also analyze a range of other mo-
ments.
We use numerical simulations to characterize how the
normalized variance behaves for a random process. We
generate a very large number (108) of random sequences
where the recurrence times are identical and indepen-
dently distributed variables, drawn from the exponential
distribution (1). The number of events N and the aver-
age recurrence time 〈t〉 are set by the earthquake record,
for each magnitude threshold Mmin. By simulating the
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FIG. 3: (a) The average variance 〈V 〉 and the standard devi-
ation of the variance δV as a function of magnitude threshold
Mmin. These quantities correspond to a random sequence
with a number of events that matches that of the earthquake
record (aftershocks removed). (b) Normalized variance V as
a function of Mmin. Shown are the behaviors with and with-
out aftershocks. (c) The number of standard deviations away
from the mean σ defined in Eq. (3), versus Mmin.
precise number of events N on record, our analysis prop-
erly quantifies the large fluctuations that are expected
when the number of events is small.
We measure the average variance, 〈V 〉, and the stan-
dard deviation in the variance, δV , defined by (δV )2 =
〈V 2〉 − 〈V 〉2 (here, the bracket denotes an average over
all random sequences). As shown in figure 3a, the nor-
malized variance is close to unity when the number of
events is large, but when the number of events is small
(at large magnitudes), the expected variance decreases,
and the standard deviation becomes comparable to the
mean. We also confirm that as expected, δV ∼ N−1/2
for large N .
The normalized variance defined in Eq. (2) is shown as
a function of the threshold magnitude in Fig. 3b. Using
the average 〈V 〉 and the standard deviation δV obtained
from simulated sequences, we also calculate σ the number
of standard deviations away from the mean (Fig. 3c),
σ =
V − 〈V 〉
δV
. (3)
For most magnitude thresholds, even without removing
aftershocks, the quantity σ is not large, evidence that the
earthquake sequence is consistent with a random process.
There are however three significant peaks that indicate
potential deviations from random event statistics. First,
at the magnitude thresholds 7.0 ≤Mmin ≤ 7.2, the raw
earthquake catalog deviates from a random process, but
once aftershocks are removed, these deviations are largely
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FIG. 4: The fraction FV of random sequences with vari-
ance exceeding the empirical value versus magnitude thresh-
old Mmin. Shown are results for the raw catalog (circles) and
the catalog with aftershocks removed (squares). The error
bars were produced using the moment analysis described in
the main text.
eliminated. Second, there is a peak at Mmin = 7.8, but
again, this peak is eliminated once aftershocks are re-
moved. Third, the most pronounced peak occurs when
8.4 ≤Mmin ≤ 8.5. In this case, however, removing after-
shocks diminishes the magnitude of the peak only slightly
(for such powerful earthquakes, aftershocks are of course
rare, see Table 1).
To quantify the significance of the peaks in the quan-
tity σ, we use probabilistic analysis. Such analysis re-
quires numerical simulations because the distribution of
the variance depends strongly on the number of events:
this distribution approaches a normal distribution as the
number of events becomes very large, but it is much
broader when the number of events is small. Specifi-
cally, we measure the fraction FV of simulated random
sequences where the normalized variance exceeds the em-
pirical value V . Figure 4 shows the fraction FV as a func-
tion of magnitude threshold Mmin. For each peak in σ,
there is a corresponding dip in the fraction FV . These
dips are mostly suppressed once aftershocks are removed.
Yet, the dip at the narrow band 8.4 ≤ Mmin ≤ 8.5 is ro-
bust. At Mmin = 8.5 we find FV ≈ 1/300, that is, only
one in about 300 random sequences has a variance that
exceeds that of the earthquake data. This small frac-
tion implies that the earthquake record deviates from
a random process at this particular magnitude thresh-
old. As pointed out by Shearer and Stark [16], because
Mmin = 8.5 is chosen a posteriori, the measured frac-
tion FV may represent an underestimate. Regardless,
the fraction FV is not sufficiently small to conclude with
confidence that the earthquake record violates random
statistics or equivalently, that there are temporal corre-
lations (or causal relationships) between large events.
As a reference, our simulations show if 3, 6, or 9 ad-
ditional M ≥ 8.5 events occur over the next decade [16],
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FIG. 5: (a) Fraction Fmax of random sequences where the
maximal recurrence time exceeds the largest recurrence time
on record versus magnitude threshold Mmin. (b) The fraction
FV (see also figure 4) and the fraction Fmax for the earthquake
catalog without aftershocks.
the quantity FV would then drop to 1.8×10
−3, 2.9×10−4,
and 9 × 10−5, respectively. The change in the quantity
FV with even a few additional events illustrates the un-
certainties associated with such small catalogs.
For further insight, we examine statistical properties
of the maximal recurrence time tmax, corresponding to
the longest quiescent period between consecutive earth-
quakes. Similar to the probabilistic analysis above, we
measure the fraction Fmax of random sequences where
the maximal recurrence time exceeds tmax. When the
number of events is large, this fraction is given by the
formula Fmax = 1− [1− exp(−t/〈t〉)]
N . Fig. 5a shows
the fraction Fmax as a function of Mmin. Statistics of the
largest recurrence time are strongly correlated with those
of the variance: the fraction Fmax mirrors the behavior
of the fraction FV (Figures 4 and 5a). Moreover, if we
restrict our attention to magnitudes Mmin ≥ 7.7 where
aftershocks are rare, the two fractions are remarkably
close to each other (figure 5b). Indeed, we verify that
simulated random sequences with a maximal gap that
exceeds tmax also have variance that exceeds V . This
extreme event analysis demonstrates that the very large
39.9 year gap separating two clusters of activity, one dur-
ing 1950-1965 and one during 2004-2012 is responsible for
the anomalously large variability observed at the magni-
tude threshold Mmin = 8.5 (figure 1).
Previous statistical analysis based on the number of
events in a given time interval revealed deviations from
random event statistics at this magnitude range that can
be traced to magnitude uncertainties in the earlier part
of the century [14]. To assess the effects of uncertainties
in the earthquake magnitude [22], we introduce unbiased
variations in the magnitude: M →M + δM where δM
represents a potential measurement error. The quantity
δM is drawn from a uniform distribution in the range
[−∆M : ∆M ]. We systematically increase the range
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FIG. 6: Magnitude uncertainty analysis for the earthquake
catalog (aftershocks removed). Shown are: (a) The quantity
FV as in figure 4 and (b) the quantity Fmax as in figure 5
versus Mmin. The quantity ∆M quantifies the range of mag-
nitude uncertainty, and the different curves represent different
values of ∆M in the plots.
∆M up to as high as ∆M = 0.8, and repeat the analysis
used to obtain figures 3-5. Each data point is obtained
using 108 simulated catalogs: 104 distinct modifications
of the original earthquakes catalog were generated, and
for each modification, 104 simulated catalogs were pro-
duced. The fractions FV and Fmax become smoother as
the range ∆M increases (Figure 6), and moreover, the
dips at M = 8.5 are strongly suppressed. We also con-
sider situations where the magnitude is always underesti-
mated or overestimated by uniformly drawing δM in the
range [0 : ∆M ] or [−∆M : 0]. Biased errors lead to the
same patterns shown in figure 6. We also verify that vari-
ations δM drawn from a normal distribution with stan-
dard deviation ∆M lead to similar results. Consistent
with Ref. [13], magnitude uncertainty analysis supports
the conclusions of our statistical analysis.
To examine whether the results are sensitive to the par-
ticular measure of variability (2), we repeat the analysis
using the normalized moments Mn = 〈t
n〉/〈t〉n instead
of the variance V =M2 − 1. We examine a series of mo-
ments in the range 1.25 ≤ n ≤ 4 and again, measure the
fraction FM of simulated catalogs where the momentMn
exceeds the value measured for the earthquake data. By
varying the parameter n and identifying the maximal and
minimal fractions FM , we produce the error bars shown
in figure 4. The results of this moment analysis confirm
that the dips in the quantity FV are robust.
IV. CONCLUSIONS
In summary, we analyzed typical and extremal proper-
ties of the time intervals between large earthquakes. The
results of our statistical tests reconcile recent studies that
address the question: “are great earthquakes clustered?”
5Our study yields three important conclusions.
First, in the magnitude threshold range 7.0 ≤Mmin ≤
8.3 which constitutes the vast majority of great earth-
quakes on record, the earthquake sequence does not ex-
hibit significant deviations from a random set of events.
These findings reinforce the results of several studies
[6, 14–16]. At several threshold magnitudes, the earth-
quake record is consistent with a random process even if
aftershocks are not removed from the catalog.
Second, the roughly twenty most powerful events
on record, corresponding to magnitude threshold
8.4 ≤Mmin ≤ 8.5, deviate from a random sequence of
events. This departure is tied to the anomalously long
gap between two clusters of events, one in the mid-
century, and one over the past decade, an observation
also noted in [11, 12, 16]. However, this departure is not
sufficiently strong to conclude that there are temporal
correlations between great earthquakes: the likelihood
that a random sequence matches the variability in the
data (≈ 1/300) is equivalent to only ≈ 2.6 standard de-
viations from the mean for a normal distribution.
Third, the results are qualitatively and quantitatively
robust. Analysis of average properties and analysis of
extremal properties of the recurrence time leads not only
to similar conclusions, but also, to very similar likelihood
figures that the observed sequence of events can be ex-
plained by a random process. We have also considered
magnitude uncertainties using unbiased and biased mea-
surement errors in earthquake magnitude and observed
that such errors systematically suppress deviations from
random event statistics.
Finally, our study uses the average recurrence time as
a measure for the overall rate of events. Uncertainties in
the overall rate of events are significant when the number
of events is small, and an important challenge for future
research is to generalize the analysis above to incorporate
uncertainties in the overall rate of events.
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